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The garter snake provides a unique model for in-vivo imaging of photoreceptor damage induced by laser retinal exposure. Laser ther-
mal/mechanical retinal injury induced alterations in photoreceptor structure and leukocyte cellular behavior. Photoreceptors turned
white, lost mode structure, and swelled; leukocyte activity was observed in the vicinity of photoreceptor cells. Non-thermal alterations
were identiﬁed with a bio-tag for oxidative stress. Mechanisms of photoreceptor recovery and replacement were observed and evaluated
for active cytoskeletal systems by using an anti-actin tag that could detect the presence of active cytoskeletal systems resident in photo-
receptors as well as other retinal systems.
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Neural plasticity1. Introduction
Laser induced retinal injury can produce severe alter-
ation in photoreceptor function. These losses can occur
by acute vaporization of photoreceptor cells at the center
of thermal/mechanical laser induced retinal lesion site as
well outside this site, resulting from the development of ret-
inal traction which can alter the normal alignment of pho-
toreceptors, thereby, reducing their quantal catch eﬃciency
(Enoch, 1978; Enoch, Birch, & Birch, 1979) with minimal
evidence of structural damage to the photoreceptor. The
ability to image photoreceptors in an animal model that
provides in-vivo capability for imaging photoreceptor
structure and the photoreceptor’s internal reﬂection mech-
anism is unique to the snake eye (Land & Snyder, 1989;
Tansley & Johnson, 1956) in part due to the snake eye’s
very high numerical aperture, associated with its short0042-6989/$ - see front matter Published by Elsevier Ltd.
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E-mail address: harry.zwick@brooks.af.mil (H. Zwick).focal length (Wong, 1989; Zwick et al., 1996) as well as
the spectacle, a protective transparent region of the skin
which passes over the pupillary aperture, providing corneal
protection and the capability to image the retina over sev-
eral hours without image degradation (Fig. 2b).
We have employed the small eye model of the checkered
garter (Thamnophis m. marcianus) to examine retinal dam-
age processes related to both laser energy parameters as
well as damage processes associated with pathological
physiological mechanisms induced by acute laser retinal
injury. In addition, we have examined the photoreceptor’s
capability to reorganize within and adjacent to laser
induced photoreceptor lesion sites, in order to assess the
capability for replacement of damaged photoreceptors with
adjacent, non-damaged photoreceptors (Busch, Gorgels, &
Van Norren, 1999; Ham, Mueller, Ruﬀolo, Guerry, &
Guerry, 1982; Roider, Michaud, Fltte, & Birngruber,
1992; Tso, 1973; Zwick, 1989; Zwick, Gagliano, Ruiz, &
Stuck, 1995). A preliminary assessment of the possibility
that photoreceptor migration might involve active cyto-
skeletal structures mediating directed photoreceptor move-
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monoclonal tags capable of identifying the presence of
actin in retinal cellular systems.2. Methods
A Rodenstock confocal scanning laser ophthalmoscope (CSLO) was
employed to evaluate laser induced photoreceptor damage and associated
leukocyte induced photoreceptor pathology in the retinal vasculature and
the photoreceptor matrix. CSLO ﬂuorescein angiography was employed to
identify leukocyte activity, photoreceptor oxidative stress, and photore-
ceptor mechanisms of orientation and movement by employing ﬂuorescein
bio-tags to identify leukocyte activity (Acridine Orange) photoreceptor
oxidative stress (H2DCFD, D-399) and anti-actin A, tagged with FITC
(Fluorescein Iso Thio Cyanate). CSLO angiography was used to evaluate
actin presence at the photoreceptor, retinal nerve ﬁber layer (RNFL) and
at the retinal vasculature in circulating macrophages. Anesthesia was
induced with ketamine–xylezine, IM. A q-switched laser source operating
at 532 nm and an Argon (488/515 nm) laser were employed for laser expo-
sures ranging from 50 to 10 lJ for q-switched 532 nm laser exposure and
for Argon CW laser exposure from 50 to 10 mW for 10 ms for argon laser
exposure. All exposure levels produced photoreceptor alterations well
above threshold damage levels and are about 10–50 times the threshold
laser energy dose required for NHP (non-human primates) threshold ret-
inal damage.3. Results
In Fig. 1a and b, two metrics of ocular resolution, the
Modulation Transfer Function cutoﬀ frequency vs. numer-
ical aperture (a) and axial resolution plotted across animal
species (b) are best in the small eye animal models of the
garter snake and frog for providing in-vivo imaging of both
photoreceptors and individual blood cell activity by mov-
ing the confocal image plane into anterior or posterior ret-
inal space. The two rodent models, the rat and mouse eyes,
permit imaging of blood cell movement but do not provide
the in-vivo capability for photoreceptor imaging. Mouse
and rat photoreceptors are comprised mostly of rods with2000
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Fig. 1. (a) The mouse, rat, snake and frog having the highest modulation transf
axial resolution at least an order of magnitude (10) greater for non-human pdiameters about a micron or less while the smallest cones
of the garter snake retina are about 2 lm and can be
imaged in-vivo.
Fig. 2a shows the relationship between focal depth and
the dioptic increment of 0.5 lm for the garter snake and
18 lm for the rhesus monkey, respectively. The 0.5 dipodic
increment of the garter snake provides the in-vivo resolu-
tion for imaging in-vivo photoreceptor structure. The axial
resolution of the garter snake eye permits in-vivo cellular
resolution of the photoreceptor layer as well as imaging
individual blood cell activity in the retinal vasculature ante-
rior to the photoreceptor layer of the retina.
The schematic eye of the garter snake is presented in
Fig. 2b which shows the ocular parameters of the garter
snake eye. The spectacle is a transparent region of the skin
that protects the anterior and posterior surfaces of the cor-
nea, preventing image degradation and the necessity to fre-
quently irrigate the eye over long periods of retinal
observation over several hours.
Fig. 3 shows the eﬀect of an acute argon laser exposure
(50 mW, 10 ms) imaged confocally at the photoreceptor
layer and anterior to the photoreceptor layer within the ret-
inal vascular layer over a post-exposure period of 30–60 s.
At the photoreceptor layer (a), the central photoreceptors
are severely damaged with little evidence of normal struc-
ture. Peripheral to this central site of photoreceptor loss,
is a ring of highly reﬂective swollen photoreceptors. The
high reﬂectivity from these surviving photoreceptors may
indicate loss of photoreceptor outer segment lamellae that
would normally house the mechanisms for quantal absorp-
tion and normal optical mode structure. At the retinal vas-
culature, anterior to the photoreceptor damage site,
‘‘sticky” blood cell, indicated by arrows, are observed in
real time with little movement.
In Fig. 4 ‘‘sticky” blood cells in the vicinity of the pho-
toreceptor lesion site (Fig. 6A) are identiﬁed as leukocytesm
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Fig. 2. (a) Dioptic change of 0.1 lm increments the 70 diopter eye of the rhesus monkey 18 lm (confocal slice), whereas a comparable dioptic change of
0.1 lm increments the 400 diopter eye of the garter snake 0.5 lm (confocal slice). (b) Schematic eye of the garter snake with ocular parameters identiﬁed.
Note the gray region, the spectacle, that provides protection for the corneal anterior and posterior surfaces.
Fig. 3. An acute photoreceptor lesion induced with argon laser exposure pulse (514.5 nm, 50 mW, 10 ms) at the posterior photoreceptor matrix of the
garter snake (a); and at the anterior retinal vasculature (b), revealing sticky blood cell cumulation at 30–60 sec post-exposure.
488 H. Zwick et al. / Vision Research 48 (2008) 486–493with acridine orange (6B) and show leukocyte accumula-
tion at the level of the photoreceptor matrix over a period
of about 10 min (6C and D).
Fig. 5 compares pre- and post-exposure photoreceptor
orientation changes at the edge of the CW argon laser
exposure site 2, with a site signiﬁcantly distant from the
exposure, site 1. At 0–30 s post-exposure, signiﬁcant
changes in photoreceptor shape are most apparent at site
2 (exposure site) vs. site 1. Site 2 contains photoreceptors
with obvious elongation with loss of reﬂectivity while site1
photoreceptor changes appear restricted to structural
alterations in photoreceptor size with minimal change in
photoreceptor elongation and in some cells loss of con-
trast. Loss of photoreceptors are evident within the lesion
site itself, while highly white reﬂective photoreceptors
appear at the edge of the lesion site in close proximity
to site 2.
In Fig. 6A and B, the eﬀects of a 532 nm, 50 lJ, 7 ns
minimal spot q-switched laser exposure is shown at 1 h
and at 3 months post-exposure. At 1 h post-exposure
(Fig. 6A), the center of the lesion site is devoid of pho-
toreceptors. Several rows of highly reﬂective photorecep-
tors located peripheral to the lesion site center, andappearing white and vertically extended are present, as
well. At 3 months post-exposure (Fig. 6B), the central
dark area has enlarged with signiﬁcantly fewer white
vertically extended photoreceptors. In Fig. 6C, 5 long
term lesion sites (12 months post-exposure) induced with
CW argon laser exposure (50 mW, 10 ms) are devoid of
photoreceptors in lesion centers are presented with evi-
dence of both complex or swollen (S) photoreceptor
mode structure as well as photoreceptors with simple
mode structures at greater distances from photoreceptor
lesion sites.
Fig. 7a and b compares photoreceptor damage induced
by thermal levels of acute laser exposure (a) vs. those
tagged by H2DCFD, D-399 that identiﬁes retinal regions
under oxidative stress. Photoreceptors under oxidative
stress appear both external to the thermally damaged pho-
toreceptors as well as within the central lesion site (c), indi-
cating that photoreceptor cells at the center of the lesion
site may undergo both thermal and oxidative stress
simultaneously.
In Fig. 8, an array of lesion sites imaged at 4 weeks and
at 6 months post-exposure reveals considerable reduction
in photoreceptor lesion size and reﬂectivity at 6 months
Fig. 4. (a) Confocal view of laser lesion site with structural bright spots circled and indicated with arrow. (b) Leukocytes metabolically tagged with
acridine orange at lesion site; accumulation of leukocytes over 10 min period in lesion sites (c and d) (confocal view) are shown in close axial proximity to
the photoreceptor layer (granular regions).
Fig. 5. Post-exposure photoreceptor alterations associated with laser induced photoreceptor damage in close proximity to the edge of lesion site 2 shows
photoreceptor elongation (see inserts) while changes at lesion site 1 are smaller and appear restricted to changes in shape.
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rence of global changes in the photoreceptor matrix indi-
cated by arrows. These focal and global changes in the
lesion matrix may indicate the possibility of extensive pho-
toreceptor reorganization as well as non-damaged photore-
ceptor migration into areas containing damaged
photoreceptors remnants.
In Fig. 9, laser induced photoreceptor lesions are shown
in the absence of an anti-actin tag (9A) and with the anti-
actin tag (9B) where evidence of actin in the lesion site is
demonstrated. A similar ﬁnding is observed in Fig. 9C,
which shows brightly lit macrophages (arrows) in the reti-
nal vasculature identiﬁed with the anti-actin tag as well
as retinal nerve layer (RNFL) ﬁbers similarly identiﬁed
with anti-actin.Anatomical support for such mechanisms are shown in
Fig. 10A, which describes rootlet structures identiﬁed in
the turtle cone located at the junction of the outer segment
of the photoreceptor and turtle oil droplet (Schuschereba &
personal communication, 1990); extended rootlet structure
in the inner segment of the non-human primate terminating
at the photoreceptors synaptic terminal (Schuschereba &
Zwick, 1982). Rootlet (C) and basal body structures (C)
in the NHP retinal pigment epithelial layer demonstrated
to increase in frequency during chronic argon laser radia-
tion (Schuschereba & Zwick, 1982). Neurophysiological
studies have also revealed that laser induced retinal damage
at either non-thermal (Zwick, Robbins, & Knepp, 1980) or
thermal levels of laser exposure (Gilbert & Wiesel, 1992)
induced receptive ﬁeld expansion.
Fig. 6. Acute (A) and long term (B) q-switched laser injury sites are shown with progressive loss of central photoreceptors and long term evidence of
vertical photoreceptor extension at lesion site edges. In (C) a longer term lesion induced with argon 50 mw, 10 ms exposure reveals swollen and complex
photoreceptor mode structures at edges of areas devoid of photoreceptors but normal simple mode structures away from the areas of missing and swollen
photoreceptors. Lesion sites are identiﬁed with red arrows. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the
web version of this article.)
Fig. 7. (a) Photoreceptor lesion sites induced under thermal exposure conditions (argon CW exposure (30 m, 10 ms) and (b) under oxidative stress
(H2DCFD, D-399).
Fig. 8. A signiﬁcant reduction in lesion size and photoreceptor reﬂectivity is observed at 6 months post-exposure relative to that observed at 4 weeks post.
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Fig. 9. A confocal image of lesion site at (A); at (B), the anti-actin image indicates the presence of actin within non-damaged photoreceptors and to a lesser
extent in photoreceptor lesion sites. Retinal vasculature (C) shows brightly lit macrophages (arrows), tagged with anti-actin, in rapid circulation indicating
the presence of actin. Retinal nerve ﬁber layer (RNFL) ﬁbers (D) (indicated by arrows) tagged by anti-actin appear as bright bands traversing the retinal
vasculature.
Fig. 10. Striated rootlet structure at the edge of an oil droplet located at the base of the outersegment of a turtle cone (pseudemys scripta elegans) (Zwick
et al., 1980) (A); a schematic of an NHP (non-human primate) photoreceptor rootlet system based on ultrastructural analysis of NHP rod photoreceptor
inner segment organization (Schuschereba & Zwick, 1982) (B); striated rootlet and basal bodies (B) located in the NHP retina (Schuschereba, Zwick, Stuck,
& Beatrice, 1982) (C); turtle cell optic tectum receptive ﬁeld expansion induced by low level chronic visible (514.5) laser exposure (Zwick et al., 1980) (D).
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We have employed the high numerical aperture eye of
the garter snake to evaluate in-vivo mechanisms of retinal
photoreceptor damage and recovery associated with laser
induced retinal damage. Thermal/mechanical photorecep-
tor laser induced damage in the garter snake retina is char-
acterized by a breakdown in the internal reﬂection system
of the outer segment causing ‘‘uncontrolled” back reﬂec-
tion from the outer segment and associated alterations in
leukocyte blood cell activity and related cellular patho-
physiology. CSLO observations of the retinal lesion sites
revealing an increase in the number of leukocytes and cel-
lular material indicating the presence of proteases, superox-
ide radical species, and various kinds of inﬂammatory
cytokines caused by the presence of leukocyte inﬁltration
into the laser induced retinal lesion sites (Fig. 4c and d).
In addition, bio-tags capable of detecting oxidative
stress at exposure sites where visible photoreceptor damage
is not readily apparent have been detected with a selective
biochemical marker for oxidative stress, H2DCFD, D399.
This latter ﬁnding suggests that oxidative stress may occur
with both thermal and mechanical laser induced retinal
damage at levels that produce visible retinal damage as well
as exposure levels that do not produce evidence of visible
photoreceptor damage (Fig. 7).
The ability of non-damaged photoreceptors to repopu-
late adjacent and nearby retinal regions having signiﬁcant
photoreceptor damage is supported by in-vivo observa-
tions in Fig. 8. Completeness of recovery appears to
depend upon exposure dose, as exposure sites show more
complete recovery where fewer photoreceptors were ini-
tially damaged vs. larger initial exposure sites induced with
higher energy exposures and more photoreceptors dam-
aged. On the other hand, comparison of the non-damaged
photoreceptor region surrounding the photoreceptor lesion
matrix in Fig. 8 at 4 weeks and at 6 months diﬀers in pho-
toreceptor detectability and orientation possibly indicating
photoreceptor migration over the entire photoreceptor
region than just within the local vicinity of each lesion site.
In addition, almost all of the remaining photoreceptor
lesion sites at 6 months post-exposure appear signiﬁcantly
reduced in size and reﬂectivity compared with the image of
these sites at 4 weeks post-exposure.
The presence of actin identiﬁed in photoreceptor lesion
sites with anti-actin largely outside the lesion site (Fig. 9)
may indicate an active rather than a passive recovery pro-
cess, as non-damaged photoreceptors may possess an
active retinal mechanism of migration at both the photo-
receptor itself as well as in the RPE (Fig. 10C). It is
hypothesized that as these lesion sites are repopulated
with the aide of active rootlet structures in the RPE
and reoriented for maximal sensitivity with rootlet struc-
tures resident within the non-damaged photoreceptor
population, visual function may be restored, although
requiring at least 6 months post-exposure (Zwick, 1989;
Zwick et al., 1995).Two hypotheses have been proposed to explain the nat-
ure of the recovery process. In the ﬁrst, photoreceptor
replacement by passive photoreceptor migration from local
retinal regions adjacent to the photoreceptor damaged area
represents a passive photoreceptor replacement mechanism
Tso, 1973). Alternatively, the presence of actin in laser
induced lesion sites (Fig. 9) supports an active photorecep-
tor replacement hypothesis based on rootlet structures
capable of reorienting as well as moving non-damaged
photoreceptors to replace damaged photoreceptors in the
lesion site. Anatomical support for such mechanisms are
shown in Fig. 10A–C, which describes rootlet structures
identiﬁed in the turtle cone located at the junction of the
outer segment of the photoreceptor and turtle oil droplet
(Schuschereba, personal communication, 1990) extended
rootlet structure in the inner segment of the non-human
primate terminating at the photoreceptors synaptic termi-
nal (Schuschereba & Zwick, 1982). Rootlet and basal body
structures (C) in the NHP retinal pigment epithelial layer
demonstrated to increase in frequency during chronic
argon laser radiation (Schuschereba et al., 1982).
In addition, neural mechanisms of receptive ﬁeld expan-
sion in higher order visual neural centers have been demon-
strated to exist (Fig. 10D) in reptilian (Zwick et al., 1980)
and in the NHP (non-human primate) animal model (Gil-
bert & Wiesel, 1992). Such higher order receptor ﬁeld neu-
ral expansion may assist in providing a greater degree of
photoreceptor recovery, as the cortical visual ﬁeld expan-
sion capability may capture and amplify peripheral func-
tional photoreceptor output and thereby assist injured
but still functional photoreceptors in providing a viable
neural output signal.
On the other hand, limits of such restoration can also
occur at levels of exposure that produce hemorrhage and
long term development of secondary damage eﬀects such
as retinal scarring and associated retinal traction (Zwick
et al., 1993) where signiﬁcant resistance to recovery of nor-
mal visual functions would be very strong.
In summary, these ﬁndings suggest a complex of condi-
tions associated with acute laser exposure. Severe but non-
hemorrhagic damage to photoreceptors can induce direct
damage to photoreceptor structure or less directly by leu-
kocytes accumulating within the lesion site, causing a less
immediate damage eﬀect but one which might constitute
a serious long term damage process that is not easily detect-
able. At the same time mechanisms of photoreceptor recov-
ery appear early and initiate a long term ﬁlling in or
replacement process of severely damaged photoreceptors
with non-damaged photoreceptors migrating into damaged
photoreceptor regions. The present paper has demon-
strated that such migration is not necessarily a passive pro-
cess (Tso, 1973). Cytoskeleton systems found within the
photoreceptor, extending from the outer segment to the
synaptic terminals of the photoreceptor, and within the ret-
inal pigment epithelial subretinal layers (Fig. 10A–C) pro-
vide active neural mechanisms for photoreceptor
orientation and migration, respectively. We suggest that
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receptor replacement process capable of replacing dead or
dying photoreceptors with functional photoreceptors by
motility mechanisms resident in both normal photorecep-
tors and in their neural substrate, the RPE.
Furthermore, receptive ﬁelds recorded from the tectal
region of pseudemys (Fig. 10D) demonstrated an expan-
sion of the receptive ﬁeld size in response to laser induced
retinal damage (Zwick et al., 1980) and in non-human pri-
mates by Gilbert and Weasel (Gilbert & Wiesel, 1992).
Cortical visual receptive ﬁeld expansion may provide a
more ﬂexible and additional means for reorganizing input
from acute laser injured retinal photoreceptors that are
also undergoing retinal photoreceptor site replacement.
If so, then one can speculate that the increasing complex-
ity of the visual neural response at higher order visual
brain centers may provide additional neural ampliﬁcation
for recovery of peripheral, photoreceptor systems, espe-
cially where photoreceptors are at least partially
functional.
In addition, treatment modalities may well serve best
when cytoskeletal systems are targeted with treatment
regimes that support recovery by providing treatment to
the active ‘‘engine” associated with recovery. The cytoskel-
eton structures at the retina and subretina provide unique
motility functions for photoreceptor orientation and
migration and thereby there direct treatment may increase
the eﬀectiveness required for replacement of non-functional
photoreceptors with functional ones.
On the other hand, high exposure doses that induce
severe retinal hemorrhage and secondary damage conse-
quences such as IRSF and RT (Zwick et al., 1993) may sig-
niﬁcantly impair the active mechanisms associated with
photoreceptor motility and orientation unless treatment
to minimize acute laser induced retinal hemorrhage is
applied early and eﬀectively.
5. Disclaimer
In conducting the research described in this report, the
investigators adhered to the ‘‘Guide for the Care and Use
of Laboratory Animals” as promulgated by the Committee
on Revision of the Guide for Laboratory Animal Facilities
and care, Institute of Laboratory Animal Resources,
National Academy of Sciences—National Research
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